A detailed model of soot formation is proposed, which consists of a gas-phase kinetic model for the pyrolysis and oxidation of selected hydrocarbon fuels and a kinetic mechanism of soot nucleation and mass/size growth through coagulation and surface reactions. The gas-phase model (Ranzi et al., 2012) was expanded to include the chemistry of Polycyclic Aromatic Hydrocarbons (PAHs) up to four-to-five ring PAHs, with a modular and hierarchical approach. The discrete sectional method was employed to solve the size evolution of the particle size distribution function (PSDF). Analogy and similarity rules were employed to describe heterogeneous reaction kinetics of soot surface reactions. A variable collision efficiency was assumed for the coalescence of small soot particles. Larger particles were assumed to undergo aggregation. The predicted PSDFs are found to be in reasonably good agreement with the experimental data for nascent soot measured in an atmospheric-pressure premixed ethylene-oxygen-argon flame in the burner-stabilized stagnation flame configuration. Sensitivity analyses of the PSDF, number density, and volume fraction were carried out with respect to the rate parameters of addition reactions of acetylene, PAHs, resonantly stabilized radical reactions, and coalescence and aggregation. The results show that the reaction of PAHs and acetylene with soot surfaces and the kinetics of coalescence and aggregation exhibit dominant effects on the detailed and global soot properties for the flame studied, in agreement with conclusions of a large range of previous modeling studies.
Introduction
Research into combustion based emission of polycyclic aromatic hydrocarbons (PAHs) and fine particulate matter (PM 2.5) persists due to the harmful influence on human health, environmental problems and reduction of combustion efficiency [1] [2] [3] . Critical gaps in the fundamental understanding of soot formation remain [4, 5] . In order to describe the process of soot formation, extensive numerical and experimental studies have been conducted. So far, no direct assessment of the validity of soot models and the accompanying sub-models can be made without comparing the computational results with experimental observations of global and/or detailed properties in low-dimensional laminar flames. Past workshops have chronicled the relationship and progress made in coupled computational and experimental efforts [6, 7] . Development of reliable and predictive kinetic models of soot formation requires an accurate description of the gas-phase chemistry leading to gas-phase PAH formation. In addition, an appropriate coupling between gas-phase chemistry, aerosol dynamics and surface chemistry governing gas-surface reactions is necessary. As far as aerosol dynamics is concerned, there are three major approaches proposed in literature: the method of moments [8] [9] [10] [11] [12] [13] , the discrete sectional method [14] [15] [16] [17] [18] and the stochastic approach [19] [20] [21] [22] [23] [24] . In this work, the discrete sectional method is applied to describe the chemistry and physics of soot nucleation and growth. Experimentally, probe sampling with scanning mobility particle sizing (SMPS) has been used to follow the evolution of soot particle size distribution function (PSDF) in flames and other reactors [25] [26] [27] [28] [29] [30] . These measurements have been shown to be useful for examination of detailed soot models [31] [32] [33] that were first introduced some twenty years ago [11, 12] . In particular, measured PSDFs offer rich information about nucleation and growth processes that can aid model improvement. For example, sensitivity analyses of the PSDF with respect to the collision http://dx.doi.org/10.1016/j.combustflame.2015.06.002 0010-2180/Ó 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved. efficiency [32] or particle rounding rates due to sintering and surface reactions [31] have shed new light on detailed kinetic processes of soot formation.
To minimize the problem of probe perturbation in experiments, a burner-stabilized stagnation (BSS) flame technique was used earlier to follow the evolution of PSDF of nascent soot [34] . In this technique, a sampling probe is embedded in a water-cooled circular plate that acts as a flow stagnation surface. The combination reduces ambiguity in experiment and model comparisons because the flow stagnation, present in all flame probes, may be accounted for to an extent in numerical simulations. Lindstedt and Waldheim [35] modeled the soot PSDFs in a benchmark ethylene-oxygen-argon BSS flame [34] . A set of collision efficiencies among the nucleating species was proposed based on comparison with experimental observations. Soot measurements have been made in BSS flames of different fuels to understand how fuel structures impact the evolution of the PSDFs [36] [37] [38] .
In the current work, a detailed kinetic model of soot formation and growth is presented and tested against the benchmark ethylene flame using OpenSMOKE++ software [39] . OpenSMOKE++ employs the sectional method for solving aerosol dynamics. Model predictions are compared to experimental data reported in a more recent study [40] in which the various experimental issues associated with the BSS flame sampling are addressed and new, improved data are reported. Experimental-model comparisons include temperature profiles, soot PSDFs, volume fraction and number density. More importantly, sensitivity analyses were performed for the predicted global properties and PSDFs with respect to a range of reaction processes and key results are discussed.
Computational methods

Gas-phase kinetic model and flame simulation
The gas-phase kinetic model [41] adopted here consists of about 200 species and 6300 reactions. The model describes the high-temperature pyrolysis and oxidation of a wide range of hydrocarbon fuels. The reaction model was developed with a modular and hierarchical approach, and has been refined since the earlier publication. The refined model has been tested over a wide range of conditions, including pyrolysis and oxidation of benzene [42] and pyrolysis of acetylene at high temperatures [43] . The gas-phase model includes the formation of PAHs from benzene to aromatic compounds larger than pyrene (e.g., 9,10-dimethyltetraphene and corannulene). Thermochemical data were obtained, where available, from Refs. [44, 45] . The group additivity method [46] was used to estimate the thermochemical properties of the remaining species.
The experimental setup of BSS flame was designed for taking probe measurements of soot PSDFs on a burner-stabilized premixed flame within a flow field as well defined as possible. The sampling probe is embedded inside a circular plate. The setup creates axisymmetric flow streamlines of an impinging jet onto the surface. If the flow rate of flame gas into the sampling probe orifice is negligible, a pseudo one-dimensional formulation may be applied in numerical simulations [47] . The boundary condition at the burner surface is described by a uniform plug flow. The downstream boundary condition is at the burner-to-stagnation surface separation, x = H p , where the axial convective velocity vanishes. The temperature of the probe and burner is measured and these are used as temperature boundary conditions for the flame simulation. Previously established probe sampling procedures [40] were carried out to avoid diffusional particle loss and particle-particle coagulation such that the measured PSDF is insensitive to dilution.
As will be discussed later, there is a minor uncertainty resulting from a non-zero sampling flow rate at the stagnation surface.
Numerical simulation of the BSS flame was performed using the OpenSMOKE++ code [39] in the pseudo one-dimensional formulation [47] , with boundary conditions appropriate for the current, burner-stabilized stagnation flame problem [34] . At the stagnation surface, the boundary conditions are such that the sum of the convective and diffusive rates vanishes for the gas-phase species. For particles, the stagnation surface acts as a sink due to the thermophoretic force. The temperature was computed taking into account radiative heat losses from the gas and soot [48, 49] .
Soot model
A discrete sectional approach is applied to solve the aerosol dynamics and surface chemistry governing soot nucleation and mass/size growth. Heavy PAHs and particle sizes are discretized into 20 classes of pseudo-species with their masses doubled from one class to the next. Each class is represented by lumped pseudo-species or BINs, each with fixed numbers of carbon and hydrogen atoms, as summarized in Table 1 . Thermochemical properties of the pseudo-species BINs are based on the group additivity method [46] . There is a very small impact of thermodynamic properties on predicted soot properties because the soot reactions are apparent reactions involving lumped species. The impact of the BINs thermodynamics is only evident on the thermal behavior of the system in pyrolytic conditions [43] .
PAHs of more than 20 carbon atoms constitute the first four BINs, each of which is comprised of three subclasses (A, B and C) with different H/C ratios. These species are defined herein as heavy PAHs in contrast to the light PAHs up to pyrene, which are considered in the gas-phase model. The first soot particles are modeled as a cluster containing 320 carbon atoms and they are classified into BIN 5 . Although the choice for the first soot particles may be arbitrary, the threshold assigned is consistent with the observation of heavy PAHs extracted from flame-generated soot [29, 36, 50, 51] and with the particle sizes recently measured with laser-induced incandescence in low-sooting premixed flames [52] . Particles between BIN 5 and BIN 12 are assumed to be spherical in shape with a mass density of the particle material equal to 1.5 g/cm 3 [53] . BIN 12 consists of particles with diameter d p around 10 nm and this BIN size also serves as the primary particle from which aggregates in larger BINs are formed [32, 53] . BIN 13 to BIN 20 , are assumed to be monodisperse aggregates or mass fractals containing a number N p of BIN 12 primary particles. The fractal dimension, D f , is assumed to be 1.8, based on values reported for nascent soot formed in a series of premixed ethylene flames [54] and for very rich sooting flames [55] . Because the experimental PSDFs were obtained by particle mobility measurement, the collision diameter (d c ) of the aggregates was computed from the radius of gyration R g and compared with the measured mobility diameter:
where k f is a constant derived from the empirical correlation of Köylü et al. [56] . Accordingly, the collision diameter is [57] :
Dehydrogenation may occur as soot grows and ages. This process is considered here by following the kinetic evolution of subclasses of particles of different H/C ratios in each BIN class [58] . In general, hydrogen content decreases with an increase in soot mass [59] due to both the conversion of PAHs into more peri-condensed rings and their progressive de-alkylation. In fact, experimental observations of the particle mass spectrum for nascent soot indicate that the surface may be alkylated and rich in aliphatic content [60, 61] . Mature soot is characterized by lower aliphatic-to-aromatic CAH ratios. Three H/C ratios are considered for particles up to BIN 10 , while only two hydrogen levels are assumed for heavier BINs as shown in Fig. 1 and Table 1 . Two indices will be used as BIN i,j , where i = 1, . . . , 20 refers to the BIN class and j (= A, B or C) refers to the two or three hydrogen levels, depending on the i value as just discussed. For each BIN i,j a corresponding surface radical (BIN i,j Å ) is also considered. Thus, we have a total of 100 lumped pseudo-species in 20 BINs, each of which has two or three subclasses, and moreover, each of the subclasses is further classified into radical or molecular surfaces.
Six heterogeneous reaction classes are considered:
1. Hydrogen-abstraction-carbon-addition (HACA) mechanism. 2. Soot inception. 3. Surface growth. 4. Dehydrogenation. 5. Coalescence and aggregation. 6. Oxidation.
Each of these heterogeneous processes is described with respect to analogous gas-phase reactions, which serve as a reference. The reference kinetic parameters are summarized in Table 2 along with their respective gas-phase reactions. The reference values were adjusted to account for the different species involved in each reaction, as will be described later. An automatic mechanism generator (SootGEN) was used to assemble the soot kinetic mechanism [15] and this is contained in the Supplemental materials.
HACA mechanism
The HACA mechanism contributes not only to soot inception but also to surface growth [8, 11] . H-abstraction reactions by H Å and OH Å form surface radicals BIN Å . Analogous to PAH reactions, the rate parameters of these reactions depend on the number and type of aryl CAH sites [62] [63] [64] . Reaction class 1a of Table 2 refers to this type of reactions, whose reference kinetics was taken from the reaction of H Å with naphthalene (C 10 H 8 ):
The acetylene addition to the aryl radical site completes the HACA mechanism. The reference reaction used is the acetylene addition to naphthyl radical [65, 66] :
with the rate expression 1.0 Â 10 9 Â exp(À5 (kcal/mol)/RT) [l/(mol s)]. Table 1 Classes of lumped pseudo-species defined in the current work as BINs (PAHs, particles, and aggregates) and their properties: median mass, equivalent spherical diameter and H/C ratio for particles; collision diameter and number of primary particles for each aggregate (N p ). An activation energy of 5 kcal/mol was assigned for acetylene addition to radical sites of heavy PAHs, particles and aggregates, while the frequency factor is adjusted for each BIN class as shown in Fig. 2 . For BIN i (i = 1, . . . , 4), the frequency factors are assigned the values of 1.4 Â 10 9 , to 1.2 Â 10 9 , and 1.0 Â 10 9 l/(mol s) for BIN i;A Å , BIN i;B Å , and BIN i;C Å , respectively, due to their H/C ratio differences. These values are consistent with the gas-phase rate assignments [8, 11] . For particles (BIN i , i = 5, . . . , 12) and aggregates (BIN i , i = 13, . . . , 20), the frequency factors are obtained by scaling the value of the reference reaction (A ref , see Table 2 ), taking into account particle morphology and hydrogen content. Specifically, the surface area of particles is derived from their diameter (d) assuming sphericity; whereas for aggregates the entire surfaces are considered. This treatment leads to two scaling factors, one for particles:
and the other for aggregates:
where d ref = 1.91 nm for the smallest particle assumed here (an average of BIN 5 ). Table 2 Reaction classes in the soot model and their reference kinetic parameters.
Reactions and their classes k = A T n exp(ÀE/RT) a Refs.
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1b. Acetylene addition 
Soot inception
As already mentioned, the first four BINs are considered as heavy gas-phase PAHs. PAH-PAH interactions result in the first soot nuclei, i.e., BIN 5 in the current model. All relevant radicalradical, radical-molecule, and molecule-molecule reactions are treated with respect to reference kinetic parameters of analogous gas-phase reactions. As an example, cyclopentadiene, cyclopentadienyl radical, benzene and phenyl radicals are the typical species of these reference reactions. The recombination of cyclopentadienyl radicals [67, 68] :
is the reference for the recombination of two resonantly stabilized radicals with its rate expression given by 1.0 Â 10 9 Â exp(À6 (kcal/mol)/RT) [l/(mol s)]. The recombination of the cyclopentadienyl radicals is barrierless, but the subsequent isomerization of the adduct forming the precursor to nathphalene requires a substantial energy barrier. In general, the energy barrier of molecular weight growth reactions resulting from radical-radical combination followed by the isomerization of the adduct is highly dependent on the nature of the reactants. In the model, we assume that the activation energy is 3 kcal/mol if one of the two recombining radicals is resonantly stabilized, and 0 kcal/mol if neither is resonantly stabilized, as discussed by Djokic et al. [68] . For radical-molecule reactions, we consider the reaction between phenyl and ethynylbenzene as the reference reaction:
where C 14 H 10 is a lumped species (phenanthrene and anthracene), with the corresponding rate expression given as 1 Â 10 9 Â exp(À8 (kcal/mol)/RT) [l/(mol s)] [68] . Again, the activation energy is assumed to increase to 19 kcal/mol for resonantly stabilized radicals. Finally, molecule-molecule collisions leading to van der Waals interactions from pyrene up to BIN 4 [69, 70] are given with the rate constant of 1.0 Â 10 6 Â T 0.5 [l/(mol s)] [71] and the reaction is written as: 
Stoichiometric coefficients of the above reaction are derived using linear interpolation (lever rule) and CAH conservation. As already mentioned, all interactions among BINs up to BIN 4 and the radicals of the light gas phase PAHs, up to pyrene, are considered in this reaction class. For simplicity, the stoichiometric coefficients of reaction products and the j index of BINs are omitted in Table 2 . According to chemical kinetics and aerosol dynamics theory [72] , we scale the actual frequency factors by the change in collision frequency (C f ) relative to that of the reference reaction (C f,ref ). Specifically, for each BIN the pre-exponential factor is estimated by
where
K is the Boltzmann constant, l is the reduced mass, r is the collision diameter. The reference collision frequency is calculated using the parameters of the colliding partners of the respective reaction listed in Table 2 , while the actual collision frequency is obtained using the median values corresponding to each BIN.
Surface growth
In addition to the HACA Mechanism, small resonantly stabilized radicals, like propargyl (C 3 H 3 Å ), ethylnyl-1-vinyl (CH"CAC Å @CH 2 or i-C 4 H 3 Å ), 1,3-butadien-2-yl (CH 2 @C Å ACH@CH 2 or i-C 4 H 5 Å ) and cyclopentadienyl (C 5 H 5 Å ) contribute to soot growth through addition reactions with all BINs (radicals and non-radicals). These resonantly stabilized radicals are referred to as RR Å in Table 2 . Their additions to C 6 H 5 Å or C 6 H 6 are considered as reference reactions, as shown for propargyl radicals:
The kinetic parameters specific for each radical are derived from reference values, again accounting for the change in the collision frequency largely because of the increase in the collision diameters of the particles and aggregates. The same addition reactions on soot particles and aggregates are also extended to PAH radicals. Their kinetic parameters, being slightly different between light (up to pyrene) and heavy PAH radicals (BIN i , i = 1, . . . , 4), are derived from the asymptotic values of the reference addition reactions on BIN 20 reported in Table 2 . In agreement with experimental observations [73] , the reference ð7Þ Figure 3 presents a comparison between the correlation proposed here and experimental collision efficiency reported by D'Alessio et al. [73] . The correlation gives slightly higher values for the collision efficiency than the experiment, but lower than those suggested by Raj et al. [74] . A sensitivity analysis of the computed soot properties to the collision efficiency will be discussed later.
Dehydrogenation
Heavy PAHs and soot particles can undergo dehydrogenation by molecular and radical pathways. As discussed before, two or three hydrogenation levels are considered for different BINs. The PAH Fig. 4 . Comparison between the collision efficiency of PAH radical addition on soot (reaction class 3b, Eq. (7), solid line) and the collision efficiency for particle-particle coalescence (reaction class 5a, Eq. (8), dashed line) assumed in the model. and soot particles can evolve to less hydrogenated BINs as the growth and aging occur. The reference reaction for radical dehydrogenation is the fluorene formation from the benzyl-2-phenyl radical [15] :
The reaction of di-phenyl-methane to give fluorene [75] is the reference dehydrogenation reaction for non-radical BINs:
The frequency factor of these reactions accounts for the number of hydrogen atoms of the reactant BIN. H-addition reactions on molecular species and successive de-methylation, also called the ipso-addition reaction, further promote dehydrogenation. Again, the kinetic parameters are taken from the similar reactions of light aromatics [76] , i.e.,
The reference rate constant is scaled on the basis of the reactant H/C ratio, while BINs with H/C ratio lower than 0.3 are assumed to not take part in this reaction path because of the negligible degree of methylation of these species. At very high temperatures, surface radicals can be generated also from CAH fission and kinetic parameters are derived from the reference reaction [42] :
Again, the frequency factor is adjusted to account for the reactant hydrogen level.
Coalescence and aggregation
Particle coalescence and aggregation heavily influence the time evolution of particle size distribution [11, 12, 32, 77] . In the current model, particle coalescence is considered only for particle-particle (BIN i, i = 5, . . . , 12) interactions. Particle aggregation involves the interactions among soot aggregates (BIN i, i = 13, . . . , 20), while particle-aggregate interactions (BIN i, i = 5, . . . , 12 interacting with BIN i , i = 13, . . . , 20) occur through a 'soft' aggregation, that could be considered as the coalescence of a particle onto an aggregate. The rate constants of coalescence and aggregation are determined in the same manner of PAH addition to soot surface: multiplying the pre-exponential factor by a collision efficiency, while the activation energy is assumed to be zero. An asymptotic reference frequency factor of 2 Â 10 11 l/(mol s) is assumed for the coalescence among soot particles. As shown in Fig. 4 , the correlation for the collision efficiency adopted here, c ¼ 100 þ r 8:5 10 5 þ r 8:5 ð8Þ is higher than the one assumed for PAH radicals addition to BINs (Fig. 3) . A reference value of 1.5 Â 10 11 l/(mol s) was assumed for both particle-aggregate interactions and aggregation. The kinetic parameter for coalescence and aggregation agree with those proposed by Sirignano et al. [32] . For species heavier than BIN 4 , the coalescence and aggregation kinetic parameters are identical between radicals and non-radicals, and these are provided in Table 2 2.2.6. Oxidation
While the complexity of soot inception and size/mass growth kinetics can be overwhelming, the kinetics of soot oxidation is even less defined. Soot oxidation rates are expected to strongly depend on the structure, age and morphology of soot [78] . Here, several soot oxidation reactions are considered: Kinetic parameters are again derived from similar gas-phase reactions, as shown in Table 2 . Additionally, oxidation-induced, particle fragmentation [32] was considered but its effect on properties of soot predicted under the condition of the flame tested is negligible. HO 2 Å oxidation reactions, derived from the reaction of HO 2 Å with indenyl radical [79] , prove to be also negligible under the condition tested.
Comparison of model predictions and experimental data
BSS ethylene flames
Properties of soot measured in Flame C3 [40] are chosen as the test case for the model discussed above. In that study, soot was generated in a 16.3% ethylene-23.7% oxygen-argon BSS flame at atmospheric pressure (Flame C3 of Ref [80] ). The cold gas velocity is 8 cm/s (298 K and 1 atm). The soot was sampled along the centerline of the flame at the stagnation surface. The diluted soot aerosol was analyzed over a range of burner-to-stagnation surface separations by a scanning mobility particle sizer for their PSDFs. Volume fraction and number density of particles with mobility diameter D m > 2.4 nm were obtained from the detailed PSDF.
In the BSS flame setup, each sampling position represents a different flame even if the inlet conditions are the same, because the temperature and velocity profiles change with the burner-to-stagnation surface separation. In fact, all probe sampling techniques, including GC microprobes and molecular beam mass spectrometry, should have treated each probing position as a unique flame, since each probe position constitutes a unique boundary condition. For the BSS flame setup, the flow field may be approximated as a diverging stagnation flow.
Comparison between experimental and computed temperature profiles is shown in Fig. 5 for a series of burner-to-stagnation separations, H p . The maximum temperature is all around 1830 K, but the burned gas is cooled off at different rate depending on the H p value. Overall, the model reproduces the experimental temperature profiles within their uncertainties. The simulations consider heat losses due to radiation of gas-phase species and soot particles. Neglecting radiative heat loss would cause an over-prediction of the temperature in the post-flame region, as shown by the dashed line in Fig. 5 .
We carried out a simulation for H p = 1.0 cm, comparing the results with and without the Soret effect, as shown in Fig. 6 . As expected, the Soret effect serves mostly to lower the H 2 concentrations in the cold regions of the flame, i.e., the unburned mixture just exiting the burner and the spatial region close to the stagnation surface. The Soret effect also impacts the concentrations of aromatics, as shown in Fig. 7 , and it increases the concentration of these species towards the cold stagnation surface region, by about 10%. A very similar effect can be observed also in the flames with different separation distances, H p .
Thermophoresis is a special case of the Soret effect acting on particles. Under a given temperature gradient rT, the drift velocity may be expressed approximately by [81] :
where m is the kinematic viscosity of the gas mixture. Figure 8 examines the influences of the Soret effect and thermophoresis on the mole fraction profiles computed for particles for H p = 1.0 cm. Fig. 10 . Comparison between the measured (symbols) [40] and model predictions of the soot volume fraction and number density from the BSS ethylene flame as a function of the burner-to-stagnation surface separation, (solid lines) and at 0.2 cm beneath the stagnation surface (dashed lines). H p = 1.2 cm Fig. 11 . Comparison between the measured (symbols) [40] and model predictions (lines) of the mobility PSDFs in the BSS ethylene flame for a series of burner-to-stagnation surface separations at the stagnation surface (solid lines) and 0.2 cm beneath the stagnation surface (dashed lines). Table 3 Sensitivity test cases of rates of some selected reaction classes.
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The effect leads to a somewhat reduced particle concentration because the temperature gradient and drift velocity near the stagnation surface reduce the particle residence time and limit particle mass/size growth.
In order to identify key intermediates and main pathways to soot, Fig. 9 shows an analysis of rate of production computed for H p = 1.0 cm. Ethylene mainly forms the vinyl radical, which undergoes beta scission to form acetylene. Propyne is produced Fig. 13 . Sensitivity of the PSDFs with respect to selected model parameters (Table 3) at H p = 0.55 and 1.0 cm. Symbols: experimental data [40] ; lines: model predictions at the stagnation surface. from acetylene as it reacts with CH 3 Å and CH 2 Å , followed by production of the propargyl radical by H-abstraction. The key step for phenyl production is the self-reaction of two propargyl radical. The reaction of acetylene with phenyl radical forms phenylacetylene, which subsequently leads to the production of naphthalene and heavier PAHs largely through the HACA mechanism.
Comparisons of experimental and computed soot volume fraction, F v , and number density, N, are shown in Fig. 10 over the range of H p studied. The number density is defined to be the particles with mobility diameter larger than 2.4 nm as this is the lower detection limit of the SMPS. The BSS configuration has been examined in a 2-D flow simulation to quantify the perturbation to the flow field due to a finite pressure drop which drives the soot sample into the probe orifice [40] . The simulation suggests that the flow velocity perturbs the flame such that the measured PSDF may not correspond to a single sampling point at the stagnation surface but rather it is an averaged PSDF corresponding to a small volume surrounding the probe orifice. To account for this possibility, we also present in Fig. 10 the computed results at 0.2 cm upstream of the burner-to-stagnation surface separation (dashed lines). The agreement between experimental data and model predictions is reasonably good even though the model appears to over-predict soot volume fraction towards large H p values.
At a detailed level, the model reproduces the evolution of the particle size distributions rather well from nucleation to later stages of mass/size growth, as shown in Fig. 11 . Again, we present the PSDFs computed at the stagnation surface (solid lines) and 0.2 cm beneath the surface (dashed lines). The model predicts the overall progression of the mobility PSDFs. Nucleation size particles are observed at H p = 0.40 cm and a shoulder appears later. For H p = 1.2 cm, the predicted PSDF shows a tail on the small size side along with a lognormal-like PSDF on the large size side, both are in qualitative agreement with the measurements.
As discussed before, the model over-predicts the soot volume fraction for large H p values. The cause for the discrepancy could be attributed, at least in part, to the wall boundary condition at the stagnation surface. In the model, soot calculated at the Table 4 Sensitivity test cases of coalescence and aggregation kinetics.
Reaction class
VI VII VIII
Coalescence 5a
A 5a = 8 Â 10 11 stagnation surface is mostly the result of thermophoresis, whereas in the actual experiment, a finite orifice flow causes a substantially shorter residence time for the particles some 0.1-0.2 cm in front of the orifice. As shown in Fig. 11 , PSDFs ''sampled'' from the simulated results at the stagnation surface and 0.2 cm beneath the surface show some notable differences. The shortened residence time gives better agreement in terms of the median particle size, even though the particle number density is generally over-predicted by the model. Despite this uncertainty, comparisons of the measured PSDFs and model predictions yield useful information about the model. For example, the computed number density is contributed heavily from small particles. Thus, the over-prediction of the number density towards large H p (Fig. 10) is clearly caused by an overestimated nucleation strength as seen in the bottom panels of Fig. 11 . However, following Eaves et al. [82] , the nucleation reversibility accounted by introducing the reverse reactions of HACA mechanism, proves to be negligible under the investigated conditions.
Another source of uncertainty in the comparison between experiments and model predictions could be the interpretation of the measured mobility diameter. As discussed in Camacho et al. [40] , the measured mobility diameter is effectively derived from the collision cross-section of the particle with the surrounding gas. The true size and shape of nascent soot cannot be determined from mobility sizing and in this work the comparison is made on the basis of an equivalent sphere. Further experimental insights into the aggregate fractal nature could help to improve the interpretation of the soot measurements.
Sensitivity analysis
Sensitivity analyses were carried out using the brute force method to examine the dependency of the global and detailed sooting behaviors on the various model processes. Selected results are reported here. All analyses were performed in terms of the reaction classes discussed above with the relevant rate constant perturbed by a factor of 10. The analyses were made for two H p values, 0.55 and 1.0 cm, which correspond to nucleation and agglomeration stages, respectively. Table 3 shows the five computational test cases to be discussed here. The rate of acetylene addition to the soot surface is increased and decreased by a factor of 10 in Cases Ia and Ib; an enhanced PAH addition rate constant is considered in Case II; Case III evaluates an increased rate of resonantly stabilized species (C 3 H 3 Å and C 5 H 5 Å ) based soot mass growth; and Case IV assesses an increased rate of particle-particle coalescence and aggregation. Results are shown in Figs. 12 and 13 for volume fraction and number density and detailed PSDFs, respectively.
Surface reactions of C 2 H 2 and PAHs (Cases I and II) appear to have the heaviest influence on soot volume, as shown in Fig. 12 . BIN radicals, due to their stability, are still present in the post-flame region, and hence, acetylene addition on them remains active. Additionally, H-abstraction reactions of soot surfaces remain active in the post-flame region, despite the substantially lower concentrations of H Å , vinyl or methyl radicals than in the flame region. An inspection of Fig. 13 shows that both processes promote soot mass growth. Increases in the rate constant of C 2 H 2 -and PAH-surface reactions increase the particle size in both stages of soot growth, although a faster PAH-surface reaction also depletes the PAHs and leads to a reduced particle nucleation. The resonantly stabilized species are calculated to have little impact on soot growth for the flame tested. While the gas-surface processes just discussed can have varying influence on the particle volume and mass, none impacts the number density drastically. In contrast, increasing particle coalescence and aggregation rates lowers the number density, increases the particle size, and lowers the volume fraction as these processes decreases the particle surface area. As shown in Figs. 10 and 11, the current model over-predicts the soot volume fraction and particle size to an extent. Lowering the reaction rate constants of C 2 H 2 -surface reactions (Case Ib) appears to give a better agreement for the volume fraction. Adjustments to the rate constants were not attempted in the current work, as our primary interest is to examine the combined effect of the model parameters assigned on model predictions without arbitrary adjustment. Improvements of the model can certainly be made when the same model is subject to tests over a wider range of flames of different fuels, flame temperature and reactant stoichiometry.
In order to investigate the coalescence and aggregation processes further, a sensitivity analysis was made for the different kinetic processes leading to particle-particle coalescence, particle-aggregate coalescence, and aggregation (reaction classes 5a, 5b and 5c of Table 2 ), as summarized in Table 4 . In all cases, the pre-exponential factors are perturbed by a few factors. The results are shown in Fig. 14 for volume fraction and number density and Fig. 15 for PSDFs. For both H p values tested, the soot expt base case Case V Case VI Case VII Fig. 15 . Sensitivity of the PSDFs with respect to coalescence and aggregation kinetics for H p = 0.55 and 1.0 cm. Symbols: experimental data [40] ; lines: model predictions at the stagnation surface. volume fraction is hardly impacted by these particle-particle processes. However, they can impact the number density and the PSDF shapes quite drastically. For example, an increase in the rate of particle coalescence on aggregates deepens the trough and moves it towards larger particle size.
Conclusions
A soot model is proposed by coupling a detailed gas-phase chemical kinetic model of hydrocarbon fuel pyrolysis and oxidation with fundamental processes of soot nucleation, and mass and size growth. A discrete sectional method was employed to solve aerosol dynamics. The predicted soot volume fraction, number density and detailed particle size distribution functions were compared with observations made in a burner-stabilized stagnation flame of ethylene, oxygen and argon. The model is shown to reproduce the experimentally observed bimodal size distribution and its evolution, from particle inception to later-stages of mass and size growth. The model was found to over-predict the rate of surface growth, leading to somewhat larger volume fractions and particle sizes than the experimental data. Considering the significant model parameter uncertainties and difficulties to match the experimental boundary conditions exactly, the agreement is satisfactory. Surface growth reactions with acetylene and PAHs were found to have the greatest impact on the soot volume fraction, in agreement with conclusions reached in earlier modeling studies. For the flame tested, mass growth from surface reaction of resonantly stabilized species was found to be insignificant. Particle coalescence and aggregation processes impact the number and the detailed shapes of the size distribution. Further improvements of the reaction model may be accomplished by testing it against flames of different fuels, temperature and reactant stoichiometry.
